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Abstract

Stem growth, developmentalpatternsandcanopyrelationswere measuredin a chronosequenceof intensivelymanaged
loblolly pinestands.Thestudy waslocatedon two distinct sitesin the lower coastalplain of Georgia, USA andcontaineda
factorial arrangementof completecontrol of interspecific competition (W) and annualnitrogen fertilization (F). The W
treatmentincreasedgrowthratefor severalyears,whiletheF treatmentsledto sustainedgrowth increases.Thecombinationof
the W andF treatmentsresultedin morethan 180Mg ha’ stem biomassproductionat age15 whichis morethan doublethe
productionof control treatment.Stembiomassproductionis continuingto increaseibrougliagelSasindicatedby thecurrent
annualincrementin stembiomasscontinuingto exceedthemeanannualincrementin stembiomass.TheF treatmentdecreased
wood quality by decreasingwhole tree latewoodspecific gravity from 0.565 to 0.535 andby lengtheningthe transition
from juvenile to maturewood from 4 to 5 years.Increasedratesof stem growth in responseto cultural treatmentswere
largely mediatedby increasedleaf area, with strong functional relationshipsbetweenleaf areaindex and current annual
increment.However,growthefficiency(stemproductionperunit of leafarea)decreasedwith standage.Theseresultsindicate
that nutrientamendmentsarenecessaryfor sustaininghigh ratesof standdevelopmenton relativelynutrientpoor lowercoastal
plain soils.
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1. Introduction

Intensive managementof pine plantationsin the
southernUnited Stateshasbeenof keen interest to
many researchersover the past two decades.Many
field studies were installed since the late 1970s to
understandandquantifytheresponseof southernpine
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plantations to vegetation control, fertilization,
mechanicalsoil treatmentsandinteractionsof all of
thesetreatmentson awide arrayof sites (e.g. Pienaar
and Shiver, 1993; Miller et al., 1995; Allen, 1987;
Gentetal., 1986).Thegoalof thesestudieshasbeento
quantify the responseof silvicultural treatmentsat
different sites and parameterizegrowth and yield
models.The large growth increasesassociatedwith

thesefield studieshasledto adoptionof practicessuch
as fertilization and aggressivecompetition control
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(Goetzl,1998;Moffat etal., 1998).Morerecently,the
mechanismsdriving growth differencesassociated
with silvicultural treatmentshave been explored.
Here,thehopeis to elucidatethecausesfor increased
growth in orderto parameterizeprocessmodels,extra-
polateempirical studiesto new sitesandnovel con-
ditions, and increasesite specificity of silvicultural
recommendations.

In 1987, a study was begun in the lower coastal
plain of Georgia on the Dixon State Forest near
Waycross,GA, USA to determinethegrowthresponse
of loblolly pine (Pinus taeda L.) to annualnitrogen
fertilization andcompletecontrol of competingvege-
tation. These extreme treatmentswere chosen to
determinethe biological potential of loblolly pine,
monitor long-term changes in growth associated
with environmentalchange,and serve as a research
platform for mechanisticstudies. Since 1987, addi-
tional standshavebeeninstalled(1989and1993)that
permit a chronosequenceresearch approach. The
growth ratesof themore intensivelymanagedstands
(fertilization+ competitioncontrol) are someof the
fastest reported in the southeasternUnited States
(BordersandBailey, 2001). The outstandinggrowth
rates,the replicationin timeandspace,andcontinuous
applicationof treatmentssinceplantingmakethis an
idealresearchplatform to studygrowth andyield as
well asto examinetherelationshipsbetweenleafarea
dynamicsandgrowth.

The objective of this paper is to report andsum-
marizethelong-termfindingsfrom this study. Impor-
tant attributes relate to stand growth (height, mean
annual increment,current annual increment),stand
characteristics(basal area, leaf area index, foliar
nitrogen status,wood density, abovegroundbiomass
partitioning), and functional relationshipsbetween
standattributes(basalareaversusstanddensity,basal
areaversus live crown, basalareaversus leaf area
index,standgrowth versusleafareaindex). Previous
papers havebeenpublishedfrom this researchplat-
form (Bordersand Bailey, 2001—standgrowthat age
9; Will et al., 2002—relationshipbetweenleafbio-
massand stembiomass;Munger et al., 2003—leaf
level physiology). However, the resultspresentedin
this paperare not presentedelsewhereand providea
synopsisof theeffectsof the extremetreatmentsover
time on a numberof importantstand attributesand
relationships.

2, Materialsandmethods

The studywas establishedon two separatesitesin
the lowercoastalplain of Georgiaon theDixon State
Forestnearthecity of Waycrossin WareCounty,GA,
USA (31015’N latitude, 82024’W longitude). Both
sites were establishedon recently cut-over forested
areasthathadbeenharvestedapproximately1.5years
beforeinitial plot establishmentin thewinterof 1987.

One site, known as the Waycross “wet” site is
poorly to somewhatpoorly drainedandcontainspri-
marily pelham(loamy,siliceous,thermicarenicpalea-
quult) in associationwith rigdon soil series (sandy,
siliceous,thermic oxyaquicalorthod)(Table 1). Pel-
ham is a wet ultisol while rigdon is a spodosol.This
associationindicatesthat spodichorizonsare present
but not predominantacrossthe landscape.The other
site, knownastheWaycross“dry” siteis well drained
to moderatelywell drained and has soils that are
predominantly bonifay (loamy, siliceous, thermic
grossarenicplinthic paleudult) in close association
with blanton soil series (loamy, siliceous, thermic
grossarenicpaleudult)(Table 1). Thedefiningfeatures
are >100 cm of sand for both serieswith plinthite
beingpresentfor bonifay. Bothsitesaretypical of the
lower coastalplain of Georgia and haveslopes of
<1%. Baseage25 siteindex (basedon nonintensively
managedcontrol plotsmeasuredat age15) for these
two sites is 23.5 and24.8 m (HarrisonandBorders,
1996) for the wet anddry sites,respectively.

The climate in this areais characterizedby long,
hot, humid summers,with an averagemaximumJuly
temperatureof 33.20C andwinters thatare cool and
fairly short,with an averageJanuarylow temperature
of 4.1 0C. Average annual precipitation is about
130 cm.

The meanmonthly water balancefor theperiodof
growth (1987—2001)indicatesthat storedsoil moist-
ure is depletedin May andJuneandthatwaterdeficits
are generally encounteredduring the late growing
season months of July, August, and September
(Fig. 1). During thesemonths averageprecipitation
inputs exceed90 mm and thus help meettranspira-
tional demands.On an annualbasis, transpirational
deficits wereencounteredin all yearsotherthan 1992.
Thehighestdeficit wasencounteredin 1995(425 mm)
and in 3 of the last4 years while Georgiahasbeen
suffering a drought deficits haveexceeded240 mm.
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Table 1
Soil characteristicsfor plots within the consortiumfor acceleratedpine productivity studies(CAPPS)locatedin the Dixon StateForest, in
Waycross,GA (31

015’N, 82024’W)

Component Location

wet site Dry site

Taxonomic family Loamy, siliceous,subactive,
thermicarenicpaleaquults

Site index(m at baseage 25) 21.3 (70 ft.)
Textureof A horizon Loamysand
TextureofB horizon Loam
Depthto argillic (cm) 60—70
Slope(%) 0—5
Drainageclass
Plantavailablewater (mm)
pHa
Organiccarbon”(%)
Available pC (mg/kg)

Poorly drained
120
3.83 ±0.17
1.78 ±0.09
1.97 ±0.82

Loamy,siliceous, subactive,thermic,
grossarenicplinthic paleudults
19.8 (65 ft.)
Sandto loamy sand
Sandyloam
120-140
0-12
Well drained
80
4.67 ±0.15
1.01 ±0.11
5.4 ±4.5

Soil chemicalparametersare for a 0—10cm layerand representmeansand 1S.D. from six control plots.
Soil pH is measuredin DI waterwith a 1:2 massto volume ratio.

b Organiccarbonwas determinedby dry combustion.
Available P wasestimatedusinga Mehlich I extract.

In general,thesesandycoastalplain soils, eventhose
thatcontainan argillic horizon,arenotableto supply
sufficient soil moisture to fully meet transpirational
demandsduringthewarmmonthsof thelattergrowing
season.However, on the wet site, trees have easy
accessto therelatively high water tableduring most
of the growingseason.

At eachsite(wetanddry), two blockscomposedof
four 0.15 haplotswereinstalledon eachplantingdate
(1987, 1989, 1993). Within each 0.15ha treatment
plot, we establishedan interior 0.05 ha measurement
plot and identified all the trees on this plot with a
unique number. In each block of four plots, the
following treatmentswere randomlyassigned:

• W herbicide used to control all herbaceousand
woodycompetingvegetationthroughoutthe life of
the study;

• F fertilize as follows—first two growing seasons:
280 kg ha’ DAP ±112 kg ha’ KCI in the spring
and56 kg ha1 of NH

4NO3 mid-summer.In sub-
sequent growing seasons: 150 lbs/ac NH4NO3
early to mid-spring. At age 10, 336 kg ha

t
NH

4NO3 + 140 kg ha’ triple super phosphate.
At age 11, 560 kg ha’ superrainbow (10-10-10)
with micronutrients+ 168 kg ha

1 NH
4NO3 early

spring. At age12 forward 336 kg ha
t NH

4NO3
earlyspring;

• FW Both F andW treatments;
• C Controltreatment:no othertreatmentfollowing a

spotrake,pile andbedmechanicalsitepreparation
treatment(samesite preparationas performedfor
all treatments).

Improved1—0 loblolly pine seedlingswere hand
plantedatthe equivalentof 1660trees/ha.Eachplant-
ing spotwas doubleplantedto help insurethat 1 year
survival was adequate.Genetically improved, open
pollinated7—56 (NorthCarolinaStateUniversityTree
ImprovementCooperative)were planted. Seedlings
wereproducedat thenurserynearBellville, GA which
waspreviously owned by Union CampCorporation
andwhich is currently ownedby InternationalPaper
Company.At the end of the first growing seasonall
planting spacesthat containedtwo living seedlings
had one seedling removed.Thus, our data reflect
expectedsurvival and developmentfrom age 1 for-
ward. The weed control treatment eliminated all
vegetationother than the plantedpines during the
studysothat thepineswouldgrowfreeof competition
throughoutstand development. In the early spring
of years 1, 2 and 3, we evenly broadcast114 g/ha
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Fig. 1. Water balance estimatesfor plots within the consortium for acceleratedpine productivity atudies (CAPPS) located in the
Dixon StateForest, Waycross,GA. Climatological data for 1987—2001are from Alma, GA approximately18 miles northof Waycross
(Georgia Automated EnvironmentalMonitoring Network, 2001). Potentialevapotranspirationwas estimatedusing the approachof
Thortwaiteand Mather (1957) and soil moisturestoragewas taken as 100mm for the upper 1 m of soil. Annual precipitation,actual
evapotranspiration(AET), and waterdeficit for all yearsof plantation growth are in (A) and meanmonthly valuesover the courseof
the experimentare in (B).

of sulfomethuronmethyl (Oust©)overthesiteusinga
four wheelall terrain vehicle. Follow up treatments
with directedsprays of glyphosateoccurredin mid-
summerof eachyear.After thethirdyearthecrownsof
the pineshadclosedandwe limited additionalherbi-
cide treatmentsto directed sprays of glyphosateas
needed.All fertilizer applicationswerebroadcastover
the site by handusinga cyclonespreader.

Theoldesttreesin ourstudywereplantedduringthe
winterof 1987.Forthis timereplicatewehave15-year
measurementsavailablefor individual tree and plot
development.However, for somemeasurementssuch
as nutrient concentrationsand leafarea,we present
data takenduring an intensivesamplingperiod con-
ductedduring 1999 on the chronosequencewhenthe
standageswere 6-,10-,and 12-years.

Precipitation
~ AET

Deficit
Ouricer, tower poitlon —
March to October growtng eeaeen

1 2 3 4 5 6 7 8 9 10 11 12
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Total height andheight to live crownof eachtree
was measuredannually.Additionally, we measured
basaldiameteron all trees <1.37 m in height and
diameterat breastheight on all trees >1.37 m in
height. Site specific taper, weight andvolume equa-
tionsweredevelopedfrom 192 destructivelysampled
trees(four treesper plot) harvestedduring thewinter
of 1998—1999(Zhanget al., 2002).Theseequations
were used to develop unit area estimates of dry
biomassfor eachtreatment.Detailedanalysisof disks
that wereremovedfrom eachstemstarting atthe base
on 2.44m intervals was usedto investigatespecific
gravity andotherwoodcharacteristicsalong thestem.

Leaf areawascalculatedusing litter traps.Litter
was collected from five randomly placed, 0.75 m
diameter, round litterfall traps per plot at approxi-
mately 6-week intervals betweenMarch 1999 and
March 2001. Litter collected from each plot was
pooled,put into paperbags,anddried at 60 0C. Pine
leaflitter was separatedfrom the restof the sample
andweighed.Specificareaof thelitter (all-sidedbasis)
wasdeterminedindividually for all plots.Theamount
that freshneedlesshrankbeforeabscissionwasdeter-
mined empirically andusedto convert litter areato
that of freshneedles.Loblolly pinein the southeastern
USgenerallykeepsits needlesfor a year-and-a-half,
such that needlesabscisingduring a given year are
those that developedthe previous year. Leaf area
generallypeaksin Augustor September.Therefore,
to calculatepeakLAI during 1999, we summedthe
litter collections betweenAugust 1999 and March
2001.All-sided valueswere divided by it to convert
to a projectedareabasis.

Foliarnitrogenconcentrationwasdeterminedfrom
samplestaken from six locations in the upperand
middle canopy on the trees harvestedduring the
dormant season of 1998—1999 (same trees as
describedabove).Needleswereplacedon ice in the
field andstoredat 4 0C in the laboratory until they
were processed.Foliagewasdried at 64 0C and then
ground.Nitrogenconcentrationwasdeterminedusing
a NC2100 CNS analyzer (CE ElantechInc., Lake-
wood, NJ, USA).

Stand developmentpatterns are presentedsepa-
rately for the dry and wet sites since development
on thewet sitewasfasterthanon thedry site. Foreach
site, the standdevelopmentdatafrom the oldestplots
were analyzedas a factorial arrangementof the F and

W treatmentswith repeatedmeasures.For measure-
mentstaken on the chronosequence(foliar nitrogen
concentration,leafareaindex,growthefficiency),data
werecombinedfor thewet anddry sitesandanalyzed
as a split-plot ANOVA where site servedas therepli-
cate, stand age was the whole-plot factor, and the
factorial combination of F and W were split-plot
factors. Becausetreatmentblocks of the same age
wereestablishedadjacentto oneanotherata givensite
within a location,i.e. agewasnot randomizedwithin
sites,theywereaveragedbeforeanalysis.Ratioswere
log transformedas necessary.

3. Results

3.]. Standdevelopment

Standdevelopmentwasbasedthroughage15 mea-
surementsfrom the 1987 time replicate.Theyounger
aged stands(plantedin 1989 and 1993) developed
very, similarly to the 1987 replicate.On the dry site,
averageheightrangedfrom approximately15 m for
the control treatmentto 21 m for the F and FW
treatmentswith the W only treatmentat about 17 m
(Fig. 2). At age15, averageheight for theF andFW
treatmentsdid not differ significantly from one
anotherwhereasboththe F andFW treatmentswere
significantly different from the C andW treatments
(P <0.0001).On theWetsite, theorderof treatments
for age 15 averageheight was the same,with the C
treatmentapproximately14 m, the FW andF treat-
mentsat about22 m andtheW only treatmentatabout
15 m (Fig. 2). On bothsitesthe F only treatmenthad
slowerheightdevelopmentthan theW only treatment
throughage5 or6 years.Startingataboutage5, height
developmentslowed dramatically on the W only
treatmentplots while it increasedfor the F only
treatments.In fact, at age5 the FW andW treatment
averageheightsweregreaterthan the C andF treat-
ments(P value0.004),however,by age10 theFW and
F treatmentswerenot statisticallydifferent from one
anotherwhile they were larger than theW treatment
(P < 0.0001).

Stand basal area developmentproceeded very
quickly for the F and FW treatmentplots on both
sites(Fig. 3).Thesetwo treatmentsapproachedtheir
maximum carrying capacity and were exhibiting a
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Fig. 2. Average height through 15 growing seasons for loblolly
pine stands on the lower coastal plain. C: stands receiving
mechanical site preparation only, W: stands receiving complete
control of interspecific vegetation in addition to mechanical site
preparation, F: stands receiving annual fertilization in addition to
mechanical site preparation, and FW: stands receiving both
competition control and annual fertilization in addition to
mechanical site preparation.

decreasein stemsperhectaredensityby age15, while
the W andC plots hadsubstantiallylower levels of
basalareaandhad not begunto show a substantial
decreasein stemsperhectaredensity. Averagestem
diameteratbreastheight(dbh) (diameteroutsidebark
at 1.37m from thebase)for thefour treatmentsateach
location clearly showsthat the F andFW treatments
resulted in the largest diameter trees by age 15
(Table 2). In fact, averagedbh at age 15 rangesfrom
15 cm for the C treatmentto 20 cm for the FW
treatmenton the dry site and from 14 cm for the C
treatmentto 21 cm for the FW treatmenton the wet
site. Thesedifferences were not only statistically
significant (P < 0.0001) but may be operationally
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Fig. 3. Stem density vs. stand basal area for loblolly pine stands on
the lower coastal plain. C: stands receiving mechanical site
preparation only, W: stands receiving complete control of
interspecific vegetation in addition to mechanical site preparation,
F: stands receiving annual fertilization in addition to mechanical
site preparation, and FW: stands receiving both competition control
and annual fertilization in addition to mechanical site preparation.

Table 2
Average dbh at age 15 for loblolly pine on the lower coastal plain

Treatment Average dbh at age 15 (cm)

Dry site Wet site

F
F
F
FW

14.9 (2.4)
17.4 (0.6)
20.4 (0.4)
20.4 (1.0)

14.0 (0.5)
15.7 (0.8)
20.2 (0.1)
20.8 (0.3)

C: stands receiving mechanical site preparation only, W: stands
receiving complete control of interspecific vegetation in addition to
mechanical site preparation, F: stands receiving annual fertilization
in addition to mechanical site preparation, and EW: stands receiving
both competition control and annual fertilization in addition to
mechanical site preparation (standard error in parentheses).
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significant as well in that in that many stemson the
FW treatmentwere largeenoughto beconsideredfor
use as solid wood products rather than, as fiber
products.The diameterdistribution for the F and
FW treatmentsshiftedto the rightwith approximately
half of thestemslarger than or equalto 20 cm while
<10%of the stemsin the C andW treatmentswere
>20cm by age 15 (Fig. 4).

Live crown length is related to the amount of
photosyntheticareaavailablefor treegrowth. In gen-
eral, averagecrown length followed a typical growth
pattern, increasing relatively quickly early in stand
developmentand stabilizing as the stand basalarea
increased(Fig. 5).Therewasquite a bit of variability
in live crown length from year to year. However, it
appearedthat averagecrown length did not vary
tremendouslyby treatmentwhenplottedversusstand
basalarea.

3.2. Standproductivily andstemcharacteristics

Stemwoodbiomassat age15 as well as grossstem
wood biomass production (standing biomass plus
biomassof stemsthatdiedduring thelife of thestand)
shows that the addition of fertilizer almost doubled
productionrelativeto the control treatmenton thedry
site andmorethan doubledproductionon thewet site
(Fig. 6). At both sites, competitioncontrol without
fertilization resultedin moderateincreasesin biomass
productionthat occurredearly in stand development
and were maintainedthrough age 15. As for stand
basal area development,the F treatment initially
lagged behind the W treatment,but surpassedthe
W treatmentby age 6 on the dry site andby age 5
on the wet site. Total standingbiomassat age 15 for
the FW treatmenton both the dry andwet sites was
approximately 180 Mg ha~’ comparedto approxi-
mately 85 and 75 Mg hat for the C treatmenton
the dry and wet sites, respectively (differencesare
statistically significant with a P < 0.0001).Age 15
standingstembiomassproductionfor theW treatment
was approximately120 Mg ha’ on the dry site but
only 100 Mg hat on the wet site (both valuesare
statisticallysignificantly different from theFW treat-
ment with a P K 0.0001). Stem biomassproduction
has continued to increasethrough age 15 and is
expectedto continueto increasefor the next several
years.In fact, the currentannualincrementcontinues
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Fig. 5. Average live crown length vs. stand basal area for loblolly
pine on the lower coastal plain. C: stands receiving mechanical site
preparation only, W: stands receiving complete control of
interspecific vegetation in addition to mechanical site preparation,
F: stands receiving annual fertilization in addition to mechanical
site preparation, and FW: standsreceiving both competition control
and annual fertilization in addition to mechanical site preparation.

to be higher than mean annual increment for all
treatments(Fig. 7). Forexample,in theFW treatment
thecurrentannualincrementis approximately25 and
17 Mg ha’ for the dry and wet sites, respectively,
while themeanannualincrementis currentlyabout11
and 12 Mg hat for the same dry and wet plots,
respectively.

Plotsof ring specificgravity overringagefrom pith
showthatW alonedid noteffectlengthofjuvenility or
ring specific gravity whencomparedto C (Fig. 8).
However, fertilization (F aloneand FW treatments)
increasedlength of juvenility from 4 to 5 years.The

Dry
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receiving both competition control and annual fertilization in addition to mechanical site preparation.

fixed speciesdefinition method was used to differ-
entiatejuvenilewoodfrom maturewood. Specifically,
thetransition from juvenile woodto maturewood is
definedas the year that totalring specific gravity is
>0.48 and the percent latewood is >40% for two
consecutiveannual growth rings. The F and FW
treatmentsalso exhibitedsignificantly reducedlate-
wood specific gravity of 0.535 comparedto 0.565
(P = 0.05) for C andW treatmentsbasedon a whole
tree weightedaveragelatewoodspecificgravity mea-

sure.Therewereno treatmentdifferencesdetectedin
earlywoodspecific gravity which wasapproximately
0.4 for all treatments.Furthermore,no treatment
differenceswere found in the earlywood/latewood
ratio for thesetrees. Since the earlywood/latewood
ratio did notchangewith treatmentit appearsthathigh
annualnitrogenfertilization may haveincreasedtrac-
heid formation of earlywood and late wood but
reducedcell wall thickening thus, leading to lower
latewoodspecific gravity.
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Fig. 7. (a) Mean and periodic (1 year) annual increment of stem biomass for plantations for loblolly pine on the lower coastal plaln ofGeorgia
for the dry site. C: stands receiving mechanical site preparation only, W: stands receiving complete control of interspecific vegetation in
addition to mechanical site preparation, F: stands receiving annual fertilization in addition to mechanical site preparation, and FW: stands
receiving both competition control and annual fertilization in addition to mechanical site preparation. (b) Mean and periodic (1 year) annual
increment of stem biomass for plantations for loblolly pine on the lower coastal plain of Georgia for the wet site. C: stands receiving
mechanical site preparation only, W: standsreceiving complete control of interspecific vegetation in addition to mechanical site preparation, F:
stands receiving annual fertilization in addition to mechanical site preparation, and FW: stands receiving both competition control and annual
fertilization in addition to mechanical site preparation.

3.3. Canopydynamicsandfunctionalrelationships

Fertilization significantly increasedfoliar N con-
centration (P < 0.01) with the difference between
fertilized andnonfertilizedplotsincreasingwith stand

age(agex fertilization interactionP < 0.01)(Fig. 9).
Without the annual fertilization treatment,foliar N
decreasedwith standage,indicating thatcompetition
control alonedid not increasefoliar N concentration
and that stands may have become more nutrient
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Fig. 8. Specific gravity and earlywoodllatewood ratio by ring age
for loblolly pine on the lower coastal plain. C: stands receiving
mechanical site preparation only, W: stands receiving complete
control of interspecific vegetation in addition to mechanical site
preparation, F: stands receiving annual fertilization in addition to
mechanical site preparation, and FW: stands receiving both
competition control and annual fertilization in addition to
mechanical site preparation.

limited as available sitenutrientswere sequesteredin
living anddeadbiomass.Partof the increasein foliar
N with increasingstandagein thefertilizedplots may
be associatedwith the increasedN fertilization rate
that took place on the 1987 time replicatestartingat
age11 whentheN applicationratewasdoubledfrom
approximately56—112 kg ha’.

Total standingabovegroundbiomassat the endof
the 1999 growing seasonincreasedwith stand age
(P < 0.01), with competitioncontrol (P < 0.01)and
with fertilization (P < 0.01) (Fig. 10). In addition,the
interactionbetweenstand ageand fertilization was
significantbecausethepositiveimpact of fertilization
increasedwithage(P < 0.01).Increasingstandageas
well as the fertilization treatmentcauseda propor-
tionalshift ofstandingbiomassawayfrombranchand
leafbiomassto stembiomass(P < 0.01).Annualpeak
projectedLAI decreasedwith standage for the non-

fertilized treatments(C andW) while it increasedwith
stand age for the fertilized treatments(F and FW)
(fertilizationeffectP < 0.01,agex fertilization inter-
actionP 0.05). Valuesfor peakLAI of the 6-,10-,
and12-year-oldstandscanbe seenin Fig. 11, where
within a treatment,the larger thebasalarea,theolder
thestand age.

Accordingly,thetrendsbetweenbasalareaandLAI
dependedonfertilizationregime,with a generaldown-
wardtrendin standswithoutfertilizationandageneral
upward trend in standswith fertilization (Fig. 11).
Annual increment(CAl) during the 1999 growing
seasonfor thethreestandagerangedfrom approxi-
mately 8 Mg hat peryear to about 16 Mg ha’ per
year.Currentannualincrementdecreasedwith increas-
ing basalareafor the unfertilized treatmentswhile it
remainedfairly stablewith increasingbasalareafor the
fertilized treatments(Fig. 12).

The relationshipbetweenCM andLAI depended
on standage(Fig. 13). In general,theamountof stem
biomassproducedperunit of LAI decreasedas stand
ageincreasedfrom six to 12 (significantly different
interceptsP = 0.04). Within a particularstand age,
however,a goodrelationshipexistedbetweenLAI and
CAl. Growth efficiency (GE) definedas stemwood
biomassproductionduring the 1999 growingseason
perunit of peakLAI for the 1999 growing season
tendedtodecreasewith standage(P 0.08) (Fig. 14).
Neither fertilization nor competition control had a
significant effecton GE.

4. Discussion

Although bothsites reportedin this study are in
close proximity to eachother on the lower coastal
plain of Georgia,slight elevationandsoil differences
createdistinct sites characteristics.Onesite, referred
to asthedry siteis situatedon a slight topographicrise
andconsistsof soil with a sandyto sandyloam surface
exceeding100 cm. Thissiteis well drained,hasa low
soil moisturestoragecapacity (8 cm of waterequiva-
lent in the upper 100 cm), and virtually never has
standingwater on site. Conversely, the secondsite,
referredto as thewet site, is in a topographicdepres-
sion adjacent to a swampland.This site is poorly
drained,also has a low soil moisturestoragecapacity
dueto a sandytexture(12 cm of water equivalentin
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Fig. 9. Dormant season foliar nitrogen concentration of different aged loblolly pine stands growing on the lower coastal plain of Georgia. C:
stands receiving mechanical site preparation only, W: stands receiving complete control of interspecific vegetation in addition to mechanical
site preparation, F: stands receiving annual fertilization in addition to mechanical site preparation, and FW: stands receiving both competition
control and annual fertilization in addition to mechanical site preparation vertical bars represent standard errors.

the upper 100 cm), although in this case the water
tableis often<100cm from thesurface,andpossesses
standingwater at the surfacein as many as 6 of 10
years.Chemicallythewet site is moreacidic, possess
moresurfacesoil C, but lessextractableP. Thewet site
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Fig. 10. Partitioning of standing aboveground biomass of different
aged loblolly pine stands growing on the lower coastal plain of
Georgia. C: stands receiving mechanical site preparation only, W:
stands receiving complete control of interspecific vegetation in
addition to mechanical site preparation, F: stands receiving annual
fertilization in addition to mechanical site preparation, and FW:
stands receiving both competition control and annual fertilization
in addition to mechanical site preparation estimates based on peak
leaf biomass. Numbers above the bars represent total biomass
(Mg ha

t). Numbers within the boxes are percentage of total
biomass in each component.

exhibitedsite index at baseage25 of approximately
23.5 m for thetreatmentthat receivedno silvicultural
inputsbeyondmechanicalsitepreparation(C) while
the dry site exhibited base age25 site index of
approximately24.8m for the sametreatment.The
wet site wasmoreresponsiveto the fertilizer amend-
mentsthan the dry sitedemonstratinga greaterbio-
massandheightgainin theFandFW plotscompared
to C.Thereducedmoisturestressatthewet site, likely
due both to slightly greater soil moisture storage
capacity and greaterproximity to the water table,
appearto becontributingto greatergrowthatthis site.

Stembiomassproductionatage15 for theannually
fertilizedtreatments(F andFW) wasmorethandouble
theC treatmenton boththedry andwetsitesandmore
than 1.5 timesthantheWonly treatmenton thedry site
andapproximatelydoubletheW only treatmentonthe
wet site.It is importantto note that theF treatmentis
only slightly behindtheFW treatmentin termsof total
stembiomassproductiononbothsites,indicatingthat
completecompetitioncontrol is not nearly asimpor-
tant as annual fertilization in terms of total pine
productivity on thesesites,a similarfinding hasbeen
reportedby Jokelaand Martin (2000). Mean annual
incrementfor stem biomasshas not yet reacheda
maximum for any of the treatmentson eithersite.
However, the F andFW treatmentshaveMAI values
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Fig. 11. Relationship between peak leafarea index (LAI)and basal area at the beginningof the growingseason forloblolly pinestands on the lower
coastal plan of Georgia. C: stands receiving mechanical site preparation only, W: stands receiving complete control ofinterspecific vegetation in
addition to mechanical site preparation, F: stands receiving annual fertilization in addition to mechanical site preparation, and FW: stands receiving
both competition control and annual fertilization in addition to mechanical site preparation. Vertical bars represent standard errors.

that aremorethan doubletheC andW treatmentsand
thereis noindicationthat theC andW treatmentswill
everproducethelevelof stembiomassthat is currently
presenton the F and FW treatmentplots. Clearly,
acceleratedgrowth ratesassociatedwith competition
control appearto be transitivewhile annualfertiliza-
tion. leadsto continuedaccelerationin growth rates
throughage 15 years.

Resultsfrom a slashpine (Pinus ellioftii Engelm.)
site preparationstudy in the lower coastalplain of
Georgia and north Florida indicate that complete
vegetationcontrol and a less intensive fertilization
regimethanusedin this studyshowaninverserelation-
shipbetweenbiomassgainassociatedwith thesetreat-
ments andunderlying site index (within a rangeof
17 m to approximately24 m baseage25 years)(Pie-
naar et al., 1998). The gain associatedwith the W
treatmentin our study is similar to the increasesin
growth for the slashpine studyassociatedwith com-
petition control.Growth gainsassociatedwith the F
andFW treatmentsaremuchlargerthan gainsreported
by Pienaaret al. (1998) eventhough the underlying
baseage25 site index for our C treatmentsexceeds
23 m. This is not unexpectedsince the fertilization

regimeusedin our studyis much moreintensivethan
theoneusedby Pienaaret al. (1998)and,asJokelaand
Martin (2000)pointout, loblolly is moreresponsiveto
theadditionof nutrientsthanslash.However,basedon
the inverserelationshipbetweenbaseage25 siteindex
and responsivenessto silvicultural inputs found for
slashpineonemayconcludethattheexpectedresponse
to silvicultural treatmentson our sites would be less
thanobserved.However,it appearsthatgeneralizations
regardingpinegrowthresponsivenessona givensiteto
vegetationcontrol and/or fertilization is not straight
forward and such generalizationsmust account for
manyfactors includingpine species,inherentnutrient
statusof the soil, availability of water during the
growingseason,typeandamountof competingvege-
tation andpossiblyotherfactors.

Family 7—56 is known for its fast growth ratesand
responsivenessto resource addition. Compared to
families with averagegrowth rates, it wasestimated
that the responseof 7—56 intensive management
would be28% higher(McKeandet al., 1997).There-
fore, while ourresultsare applicablefor families such
as7—56, theymayoverestimatethe positiveeffectsof
fertilization andcompetitioncontrol in some cases.
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Fig. 12. Relationship between stemwood annual increment and basal area at the beginning of the growing season for loblolly pine stands on the
lower coastal plalnofGeorgia. C: stands receivingmechanical site preparation only, W: standsreceiving complete control ofinterspecificvegetation
in addition to mechanical site preparation, F: stands receiving annual fertilization in addition tomechanical site preparation, and FW: stands receiving
both competition control and annual fertilization in addition to mechanical site preparation. Vertical bars represent standard errors.

The tremendousincreasein stemgrowth for the F
andFW treatmentsdid have an impact on the stem
woodcharacteristics.Therewas a slight decreasein
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Fig. 13. Relationship between peak leaf area index and stemwood
current annual increment for loblolly pine stands growing on the
lower coastal plain of Georgia. C: stands receiving mechanical
site preparation only, W: stands receiving complete control of
interspecific vegetation in addition to mechanical site preparation,

F: stands receiving annual fertilization in addition to mechanical
site preparation, and F~V: stands receiving both competition control
and annual fertilization in addition to mechanical site preparation.

specific gravity associatedwith the fertilization, but
not competition control. Transition from juvenile
woodproductionto maturewoodproductionoccurred
at aboutage4 for the C andW treatmentsbutdid not
occur until age 5 for the F andFW treatments.This
differenceisnotmeaningfulfrom anoperationalpoint
of view sincetransitionto maturewoodproductionat
these early ages(4 or 5 years) is beneficial for the
production of quality wood products later in the
rotation.Thesetransitionagesare in fact earlierthan
transitionages that havebeenreported for loblolly
pine grown under a similar set of conditions in the
Piedmontof Georgia(Clarkeet al., 2004).

Increasedrates of stem growth in responseto
cultural treatments were largely mediated by

6 ~ increasedleaf area.The benefitsof fertilization and

competition control on stem biomass growth and
foliagedevelopmenthavebeendocumentednumerous
timesin loblolly pine(e.g.Zutteretal., 1986;Voseand
Allen, 1988; Allen et. al., 1990; Britt et al., 1990;
Colbert et al., 1990; Jokelaand Martin, 2000; Will
et al., 2002; Burkes et al., 2003). In our study, the
fertilization treatmentresultedin the maintenanceof
highLAI with increasingstandagewhile standsthat

—4— C
—~— F

—~— EW

50

CA~ 12 = 0.77 ~2.84~LA~
r 0.77

cAl 0~ 1.56LAl

cAl 6 = 2.65 . 2.89~l.Al 0
=0.62

VUJ
V.,

0 ,,~ ____ 12.y~a~-~1Id (U~k)

6.yo~r-oId (.,hile syo~boa)

• c
v F
~ w
. EW



36 B.E. Borderset al. /ForestEcologyand Management192 (2004) 21—37

5

C—
tD<• -J 4

(9’7

C’)—

5 6 7 8 9 10 11 12 13

Stand Age (years)

Fig. 14. Growth efficiency for different aged loblolly pine stands growing on the lower coastal plain of Georgia. C: stands receiving
mechanical site preparation only, W: stands receiving complete control of interspecific vegetation inaddition to mechanical site preparation, F:
stands receiving annual fertilization in addition to mechanical site preparation, and FW: stands receiving both competition control and annual
fertilization in addition to mechanical site preparation estimates based on peak leaf area. Vertical bars represent standard errors.

hadnot receivedfertilization exhibiteda decreasein
LAI with increasing stand age (Will et al., 2002),
furtheremphasizingthe importanceof nutrientavail-
ability on LAI andultimately stemgrowth.Although
higherfoliar N concentrationsdid not increasephoto-
synthetic capacity (Munger et al., 2003), foliar N
concentrationmay be relatedto stemgrowth if the
additional nitrogen acquiredby the foliage of the
fertilized treesservesas a storagepool for subsequent
foliage development.

The decreasein stemgrowth per unit LAI that
occurredin responseto increasingstandageindicated
that changesrelated to tree size or tree agewere
decreasingcarbon uptake or increasingcarbon use
for other functionsbesidesstemgrowth.Changesin
photosyntheticcapacitydid not causethe declinein
growth efficiency with stand agesince no effect of
the treatmentsor stand agewas measuredon light-
saturatednet photosynthesis(Mungeret al., 2003).
Likewise, nutrient statusdid not causethe decrease
in growth efficiency because growth efficiency
decreasedwith stand age in fertilized plots as well
asnonfertilizedplots.Rather,increasedstandrespira-
tion (Hunt et al., 1999)or increasedbiomasspartition-
ing belowground(Grier et al., 1981; Kaufman and
Ryan, 1986; Smith and Resh, 1999; Grulke and
Retzlaff, 2001) may haveoccurredin our study as

treesizeor ageincreasedandprobablycontributedto
thedecreasesin growth efficiency.

Thedecreasesin proportionof standingbiomassin
branch and leaf and increasesin the proportion of
standingstembiomassthat occurredwith both the
standageand fertilization were relatedto increased
tree size. As stands grow larger, stem biomass
increaseswhile leaf biomass either stabilizes or
decreasesoncecrownclosureis reached(Ryanet al.,
1997).Similarly, branchbiomassstabilizesassenes-
cenceof lowerbranchesroughlycorrespondsto growth
of newbranches.To confirmthattheeffectof fertiliza-
tion was sizemediatedandnot causedby a shift of
biomasspartitioning related to resourceavailability,
we comparedthe relationshipbetweentreesizeand
proportionalallocation of the different tree compo-
nents for fertilized andnonfertilizedplots. Therela-
tionships for fertilized and nonfertilized standsfell
alongthesamecurveindicatingthefertilizationeffects
weredueto increasedsize, not shifts in partitioning.
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